ABSTRACT In this paper, a novel wideband filtering power divider with third-order quasi-Elliptic bandpass response is proposed. Its physical mechanism is revealed by the lumped-element equivalent circuit, such as how its transmission poles and zeros are formed. The design of the proposed filtering power divider can be simplified as its even-mode model can be synthesized by conventional filter synthesis technique, and then the initial structure parameters can be analytically determined. Owing to the fact that as many as three resistors are joined, high isolation can be achieved between two output ports. To demonstrate its good performance, an example was designed, fabricated, and measured, whose center frequency is 1.99 GHz and 3-dB fractional bandwidth is 43.7%. Moreover, as great as 34 and 28 dB out-of-band suppression can be achieved in the lower and upper stopbands, respectively. The isolation between two output ports is better than 20 dB for a wide frequency range.
I. INTRODUCTION
In wireless communication systems, various passive components such as filters, couplers and power dividers are wildly used. Filters play the function of frequency selection, meanwhile power dividers are used to combine or split power. Until now, researchers are still exploring new topologies for these passive components. For example, some recent work can be found in [1] , [2] .
For conventional sense, filters and power dividers are regarded as two separate components and also designed separately, which undoubtedly occupy considerable area. For the sake of miniaturization, it's interesting to use single component to simultaneously realize multi-functions. For instance, filtering power divider (FPD) recently receive much attention at present, because it can simultaneously play the functions of frequency selection and power division. Up to now, some FPDs in various forms have been presented. One class of FPDs are obtained by modifying conventional Wilkinson power divider. For example, [3] proposes a FPD with two
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parallel-coupled lines connected to two separate lines of the T-junction, and stepped-impedance open-ended stubs are placed to introduce two transmission zeros at each side of passband. In [4] , transversal signal-interference sections are cascaded with Wilkinson power divider to construct a FPD. In addition, it's the second approach for the construction of FPDs to substitute the quarter-wavelength lines in Wilkinson power divider with filtering sections. For example, [5] presents a FPD by replacing quarter-wavelength transformers with three-mode resonators. More examples can be found in [6] , [7] . Apart from these, some FPDs with new topologies have been proposed. In [8] , a multilayer FPD with microstrip-to-slotline transmission structures is proposed, and a properly-placed resistor is used to isolate two output ports. A stub-loaded ring resonator together with a parallelcoupled three line and two parallel coupled sections are used to construct a wideband FPD in [9] . More examples can be found out in [10] - [12] .
Especially, as more and more wireless applications arise, efficient frequency spectrum allocation is urgently required. In other words, good frequency selection is highly preferred for FPDs. In practice, to place transmission zeros at finite frequencies is an effective way to improve frequency selection. Therefore, it's desirable to develop FPDs with transmission zeros at finite frequencies. Recently, there arise some FPDs with such feature. For example, [13] presents a FPD consisting of two identical open-stub dual-mode resonators and the microstrip-to-slotline transition structure, and finally four transmission zeros are created in the stopband. Reference [14] describes a FPD with two transmission zeros near the passband by using two tri-mode resonators and three short-ended stepped-impedance resonators. In [15] , a FPD using λ/4 short-ended microstrip and two multimode resonators is discussed, which has two transmission zeros. Other examples can be found out in [16] - [18] .
In this paper, a novel microstrip FPD is proposed. Its evenmode model is formed by successively cascading one parallel-coupled two-line structure, one open-ended steppedimpedance stub and one parallel-coupled two-line structure. A lumped-element equivalent circuit is established to represent the even-mode model so that it can explain why the transmission property of the FPD is featured by third-order quasi-Elliptic bandpass response. The equivalence relations between the electrical parameters of the FPD and the element values of the lumped-element equivalent circuit are derived, which can be used to simplify the design of the FPD. In order to improve the isolation between two output ports, as many as three resistors are joined at different positions so that good isolation can be achieved over a wide frequency range. For validation, a FPD example is designed, fabricated and measured. As the measured results show, the proposed FPD has advantages of good filtering response, high isolation and excellent consistency between two output ports. 
II. DESIGN PROCEDURE OF THE PROPOSED FPD
The layout of the proposed FPD is shown in Fig. 1 . A parallel-coupled three-line section is adopted for joining three signal paths. At the same time, three resistors are added, which will bring more freedom for isolation between port 2 and 3. Because the FPD in Fig. 1 is used for equally splitting/combining input power, it is symmetric about the central horizontal plane and then the odd-and even-mode analysis method is applied on it. According to [18] , the evenmode model mainly determines the transmission property of the FPD, meanwhile the return loss in port 2 and 3 and the isolation between them are affected by the odd-mode model.
In Fig. 2 , the even-mode model is depicted, which looks like the well-known second-order bandpass filter in [19] .
However, the open-ended stepped-impedance stub is added at the center, and the electrical length of each section is about π/2 at the center frequency ω 0 . Therefore, the structure in Fig. 2 can realize a third-order quasi-Elliptic bandpass response with two transmission zeros at finite frequencies.
Owing to the connection type of the parallel-coupled threeline section, approximately, Z 1e = Z 2e , Z 1o = Z 2o and θ 1 = θ 2 . The even-mode model will determine the transmission property of the FPD, therefore it should act as a bandpass filter. Its electrical parameters or structural parameters should be determined if filter specifications are given. However, it's not easy in practice to directly manipulate the network parameters of the even-mode model because they contain complicated mathematical expressions. Instead, it's an effective approach to use lumped-element equivalent circuit to represent these microstrip units. For example, the lumpedelement equivalent circuit of the parallel-coupled two-line section has been discussed in [20] , which consists of an impedance inverter K and a series LC resonator.
In addition, the open-ended stepped-impedance stub is shown in Fig. 3 . If θ 3 = θ 4 = θ, its input impedance is
Furthermore, if θ = π/2 at a specific frequency such as the center frequency ω 0 of the bandpass response, the openend stepped-impedance stub can be represented by the rightsided lumped-element equivalent circuit in Fig. 3 whose input impedance is
where
Therefore, the characteristic impedances of the stub are calculated through the following equations. After all these lumped-element equivalent circuits are connected according to the connection relationship of their microstrip counterparts in Fig. 2 , a lumped-element filter is obtained as shown in Fig. 4 , which can realize a third-order Elliptic bandpass response.
In summary, the design procedure of the proposed FPD includes the following three steps. Firstly, the lumpedelement filter in Fig. 4 should be synthesized if the transmission property of the FPD is specified. Secondly, the electrical parameters of the even-mode model in Fig. 2 are calculated through the equivalence relations (1) and (5) . If a substrate is specified, the corresponding structural parameters are obtained, and then act as initial values for next-step full-wave optimization until the transmission property of the FPD is satisfied. Finally, all the structural parameters and the resistors of the FPD are determined through full-wave optimization until the performance of the FPD meets the requirement.
III. DESIGN EXAMPLE AND MEASUREMENT
To validate the design procedure, a FPD with a thirdorder quasi-Elliptic bandpass response is designed as an example. The ideal third-order Elliptic bandpass response is depicted in Fig. 5 , where the center frequency of the bandpass response is set at 1.94 GHz, and the fractional bandwidth is about 39%. One transmission zero is placed at 1.24 GHz, and the second one at 3.03 GHz. According to the design procedure, the lumped-element filter in Fig. 4 should be synthesized first. By applying conventional filter synthesis technique, a lowpass prototype is synthesized where the element values are: g 1 =g 4 =0.7298, g 2 =0.1963 and g 3 =0.8935, respectively. Next, the element values of the lumped-element bandpass filter in Fig. 4 are determined by applying the conventional lowpass to bandpass frequency transformation. If K =45.8258 , the other element values are: L 1 =6.5042 nH, C 1 =1.0358 pF, L 2 =1.7497 nH, C 2 =3.8503 pF, L 3 =1.4923 nH and C 3 =4.5143 pF, respectively. Then, the electrical parameters of the even-mode model in Fig. 2 are calculated through the equivalence relations (1) and (5), i.e., Z 1e = Z 2e =146.7220 , Fig. 6 . Obviously, the transmission property of the FPD is featured by the quasi-Elliptic bandpass response. Three transmission poles are clearly distinguished. In addition, there are two transmission zeros, one of which is at each side of the passband. They greatly improve frequency selectivity. The insertion loss at the center frequency is about 0.71 dB. As great as 30 dB suppression can be achieved from 2.71 to 5.19 GHz. The isolation between two output ports is greater than 20 dB in the wide frequency range from dc to 5.36 GHz.
Undoubtedly, the physical mechanism of the FPD revealed in the previous section plays an important role in the design process. Here, the effect of some key parameters on the performance of the FPD is investigated. For example, Fig. 7 illustrates the effect of w 4 on the bandwidth adjustment of the FPD. As w 4 increases, the bandwidth will increase correspondingly, which clearly demonstrates the flexibility of the proposed FPD. In addition, the proposed FPD uses three resistors to improve isolation between two output ports. Theoretically speaking, these resistors should be appropriately chosen to make both the even-and odd-mode reflection coefficients equal, and accordingly good isolation between two output ports can be achieved. Unfortunately, because both the even-and odd-mode reflection coefficients usually contain complex mathematical expressions, it's unlikely to analytically determine the values of these resistors. In Fig. 8 , the effect of two resistors R 1 and R 2 on the variation of |S 32 | is demonstrated. Obviously, |S 32 | does not vary monotonously against these resistors. This is why it's not easy to determine the values of these resistors.
IV. MEASUREMENT AND DISCUSSION
An example was fabricated and measured. The photo of the fabricated FPD is shown in Fig. 9 , and its size is about 0.33λg×0.25λg, where λg is the guided wavelength at ω 0 . The simulated and measured results are depicted in Fig. 10 . The measured center frequency is 1.99 GHz with 3-dB fractional bandwidth of 43.7%, and the minimum in-band insertion loss is 3.74 dB. As great as 34 dB suppression is achieved from dc to 1.35 GHz, and simultaneously the upper out-ofband suppression with 28 dB is extended to 5.24 GHz (about 2.63f 0 ). Two transmission zeros are located at 1.29 GHz and 2.76 GHz respectively, improving frequency selectivity greatly. The isolation between two output ports is greater than 20 dB from dc to 5.38 GHz (about 2.7f 0 ). In Fig. 11 , both magnitude and phase imbalances are depicted. Magnitude imbalance is less than 0.03 dB and phase imbalance is less than 2.5 • . Fig. 12 depicts both simulated and measured group delay, which is relatively flat in the passband.
The measured in-band return loss is worse than the simulated one. In our point of view, it owes to fabrication tolerance and not precisely-controlled hand-soldering position of three isolation resistors. To evaluate the quality of the proposed FPD, it's compared with others in some literatures. As described in Table I , the proposed FPD is featured by wide bandwidth, good frequency selectivity and out-of-band suppression.
V. CONCLUSION
In this paper, a wideband FPD with third-order quasi-Elliptic bandpass response is proposed. Its even-mode model is represented by a lumped-element equivalent circuit. Then, it can be designed by applying conventional filter synthesis technique. As demonstration, a FPD example was designed, fabricated and measured. The simulated and measured results indicate that the proposed FPD is featured by high frequencyselectivity, good out-band suppression and high in-band isolation. XIAOHONG TANG (M'08) received the B.S. and Ph.D. degrees in electromagnetism and microwave technology from the University of Electronic Science and Technology of China (UESTC), Chengdu, China, where he is currently a Professor. He has authored over 100 journal and conference papers. His current research interests include microwave and millimeter-wave circuits, and systems and microwave integrated circuits. VOLUME 7, 2019 
